A technique for spinning continuous filaments constructed of nano-scale fibers instead of non-woven obtained by general electrospinning was described in the paper. Polyamide 6/66 copolymer solution in 88% formic acid was used as the spinning material. The relationships between the fiber microstructures, filament mechanical properties and spinning parameters: spinneret tip to collector vertical distance (TD), rotation speed (RS) were investigated. Post-drawing was performed to the as-electrospun continuous filament. The research results revealed that increase of TD and RS could improve the fiber's uniaxial alignment and crystal structure, consequently the strength of the filament was enhanced. After being post-drawn, the stress and strain at break of the electrospun polyamide 6/66 copolymer filament was well improved.
Instruction
Electrospinning is a simple and inexpensive method for fabrication of sub-micro or nano-scale fibers, which was proposed at the beginning of 20th century. Zeleny J described the principle of electrospinning in 1917 [1] , and in 1934 Formals elaborated the equipment and technique to electrospin chemical fibers in the USA patent 1975704 [2] . Then, in 1969 Taylor brought forward the concepts of Taylor cone and critical voltage, and obtained the voltage values at which Taylor cones formed [3] . A great number of researchers have been focusing on the electrospinning technique since the 90th of last century, and much more than 100 polymers were spun into nano-scale fiber nonwovens.
A typical electrospinning device usually includes a metallic capillary (a stainless needle) connected to a high voltage, and a collector grounded or charged to a negative voltage. When the electric field exceeds a critical value, the electrostatic force will overcome the surface tension of the polymer solution (or melt), causing a thin jet ejection from the needle tip. As this jet travels through the air, the solvent evaporates leaving behind a polymer fiber deposited on the collector. Generally, a porous nonwoven mat is formed by electrospinning, in which nano-scale fibers randomly orient. The nanofiber nonwovens are acceptable only for some applications such as filters, wound dressings, tissue scaffolds and sensors etc [4] [5] [6] . Meanwhile, obtaining continuously aligned nanofibers and high-volume production is very important for many areas such as fiber reinforcement and device manufacture. Several techniques have been developed to align electrospun nanofibers and some breakthroughs have been made. The primary principles to electrospin uniaxial align nanofiber bundles are changing the shape of a collector, appending an assistant electric field [7] [8] . Consequently, a bigger mechanical force or electric force is loaded on fibers [9] [10] . So far, a lot of methods have been achieved to obtain uniaxial fiber bundles, for example, a pair of spaced electrically charged conductive plates [4, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] , rotating wheel [5, [18] [19] [20] , rotating disk collector [16] [21] [22] , a tip collector [8, 23] , an assistant electric field [6] [24], near-field electrospinning [25] and grounded collector electrode water bath [26] [27] [28] .
Continuous spinnability, appropriate mechanical performances for textile process and stable doi:10.3993/jfbi06200807 morphologies are very important for electrospun fiber bundles (nanofiber filaments). In this paper, we described a new spinning technique to continuously electrospin nanofiber filaments for 6~10hours. The equipment includes these elements: typical electrospinning device, active solution collector, heating-drawing set and rotating mandrel. Polyamide 6/66 copolymer pellets were used as materials. The relationships between spinning parameters and microstructures, mechanical properties of the filaments were investigated. As-electrospun PA6/66 filaments were post-drawn. The functions of drawing ratio on the crystal structures, orientations and tensile properties were also discussed.
Electrospinning nano-scale fiber filament and post drawing
As shown in Figure 1 , spinning solution was drawn into a syringe with a stainless spinneret (ID 0.35mm).
The spinneret was connected with a positive pole of high power supply (HV) by a wire. A circular reservoir with a diameter of 16 centimeters was full of peregal O aqueous solution. The horizontal distance from the tip of a spinneret to the left-wall of a reservoir was 2.5cm, and the vertical distance (TD) was varied. A grounded electrode was placed on the middle of the reservoir. A mandrel with diameter 11.4mm rotated on 0~400rpm, and temperature in the rotating region could be adjusted from room temperature to 400ºC.The flow rate of spinning solution was controlled by a micro syringe pump (Kd scientific 100, USA).
The nano-scale copolymer PA6/66 fiber filament was formed on the following steps: Firstly, 25wt% polyamide 6/66 copolymer solution in 88% formic acid at flow rate 0.06ml/h was spun into nano-scale fibers at an electric field (voltage 14kv, TD 4~12cm), and fibers deposited on the surface of 0.5wt% bath solution. Then a bundle of continuous fibers were obtained from the reservoir, and the fiber bundle was passed through a guide roller, heater (100ºC), and tensile guide equipment. Finally, continuous filament was reeled on the mandrel at 50~250 rpm. Figure  2 shows the method of post drawing electrospun fiber bundles. Both unreeling and reeling speeds are 0~400rpm. The temperature of heating region can be adjusted from room temperature to 300ºC.
Experimental

Materials
Pure polyamide 6/66 copolymer pellets (Sigma Aldrich Inc.) were dissolved in 88% formic acid, and stirred to yield a 25wt% spinning solution. Pure peregal O was mixed with deionized water, and 0.5wt% bath solution was obtained. All reagents were used without further purification. 
Measurements
Morphology of fiber and filament
Specimens were attached to a copper holder with double-sided tape, and coated with a layer of gold. Then the SEM images were observed and recorded with HITACH S-4700. The fiber diameters were calculated with HJ2000 image analysis software. 100 fibers were processed for every sample and average diameter was calculated.
A filament was cut into 10 shares with the same length and observed under an optical microscope (Leica SMLP). The filament diameters were calculated by HJ 2000 image analysis software. Every share was measured 10 times. Average diameter and the fineness unevenness were calculated from the 100 data.
Crystallinity of fiber
X′Pert Pro MPD X-ray diffraction system (CuKα target, acceleration voltage 40 KV, electric current 40mA, λ= 0.154 nm) of Holand PAN alytical company was used to measure X-ray diffraction intensity curves of powdered samples, and diffraction angle 2θ ranged from 5° to 45°. The resulting plots of X-ray diffraction intensity versus 2θ were analyzed using the profile fitting program Peak Fit 4.1(AISN Software Inc.). Each peak was modeled using a Gaussian-Lorentzian peak shape. Areas of the peaks obtained from the analysis were used to estimate the degree of crystallinity.
Molecular orientation of fiber
The Raman spectrum of a single filament was obtained using a Labram 1B microscopic Raman spectrometer system (HORIBA Jobin Yvon Instrument Company, France). A filament was located under the Raman system accessorial microscope with 100X objective, and the 632.8nm He-Ne laser was focused on a 2μm spot at the surface of the fiber to give 6mW energy. Spectral data were accumulated for 100s period at 1800 grating position.
Mechanical property of filament
Polyamide 6/66 electrospun nano-scale fiber filament with a gauge length of 10mm was deformed in tension with an Instron 3365 mechanical testing machine at crosshead speed 10mm/min, temperature of 20±2ºC and relative humidity of 65±5%. Strength and elongation resolution were 0.01cN and 0.01mm respectively. All samples were balanced for 24 hours in the testing temperature and humidity, and every sample was measured 10 times. When the distance between spinneret and collector is large enough, an electrospinning jet has adequate space to split into nano-scale fibers. Meanwhile, the fibers are separated by the coulomb repulsions and orient along the direction of electric field. In our research, when the vertical distance from the tip of a spinneret to the left-wall of a reservoir (TD) was increased to 10 cm, fibers aligned in uniaxial direction with few of loops (Figure 3 d) .
On the other hand, with the increase of TD, the area of electric field on the collector region is enlarged, resultantly, some electrospun fibers deposit on the edge of the collecting reservoir, and spinning continuity is worse. Table 1 revealed that the TD had no obvious effect on the average diameters and uniformities of fibers and filaments. Thus spinning distance is a sub-parameter for fiber sizes in electrospinning [29] .
Results listed in
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Zhi-Juan Pan et al. Table 2 lists the crystallinities and mechanical properties of PA6/66 nanofiber filaments electrospun at different TD. As seen from the Table 2 , with the increase of TD, the filament strain at break unorderly changed, but the stress at break and initial module increased. In particular, at the spinning height of 12 cm, breaking stress of the filament increased significantly. The tensile properties of PA6/66 nanofiber filaments electrospun at different TD were coincident with the alignment and degree of crystal of the fibers. The vertical distance from the tip of a spinneret to the left-wall of a reservoir (TD) is a determinant factor for the whipping and splitting of a spinning jet. A big TD supplied large space and long time for the split of an electrospinning jet, and molecular chains were induced to orient by the electric field force, so that the fiber crystal structure was improved.
Effect of TD on the tensile properties of filaments
Effect of rotating speed (RS) on the microstructures and tensile properties 3.2.1 Effect of RS on alignment and diameter of fiber
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electrospinning process and fiber alignment, PA6/66 Figure 4 suggested that the fiber alignment had been improved at fast rotating speed. Otherwise, at high rotating speed, fiber bundles endured large tension, thus fine fiber and filament was obtained (Table 3) . Table 4 , data of stress and strain at break and initial modules of PA 6/66 nanofiber filaments electrospun at different RS, indicated that rotating speed had an important effect on the electrospun nanofiber filament tensile properties. With the increase of RS, breaking strength and initial module were enhanced but strain at break, which resulted from better uniaxial alignment and improved crystallinity of fibers spun at higher speed. At higher rotating speed, a larger tension loaded on the PA6/66 nano-fibers, so that, the molecular chains formed more ordered arrangements and the crystallinities could be increased. Table 4 Crystallinities and tensile properties of PA6/66 nanofiber filaments electrospun at different RS (25wt% polyamide 6/66 solution, flow rate 0.06ml/h, TD 9cm voltage 14kv) 
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Function of post drawing
PA6/66 nanofiber filament was electrospun at the following conditions: voltage 14kv, following rate 0.06ml/h, TD 9cm, peregal O aqueous solution 5wt‰, rotating speed 100rpm, spinneret ID 0.35mm, 25wt% PA6/66 spinning solution. As-electrospun PA6/66 fiber bundle was post drawn 1.3, 1.4, 1.5, 1.6, and 1.7 times respectively at 100ºC.
Alignment and diameter of post drawn
PA6/66 nanofiber filament Figure 5 shows the longitudinal morphologies of post drawn PA6/66 fiber bundles and Table 5 lists diameters of these fibers and filaments. Heating post drawing improved the alignment of fibers and lessened lax loops in the filament. With the increasing of drawing ratio, fibers and filaments became thin. However, the average diameter ratios of drawn fibers / filaments to the control sample were not consistent with drawing ratios due to the transformation of fiber configuration from flabby coil / loop to stretched line in the drawing process. Raman spectroscopy is a powerful nondestructive technique to investigate the molecular structure of a fiber by analysis of wave numbers and intensity of spectra bands. In the Raman spectra of PA6/66 fibers shown in Figure 6 , the peak bands at about 1440cm -1 and 1634 cm -1 are assigned to CH2 bending and amide І C=O stretching [30] . The former is insensitive to the conformation, used as a standard intensity to calculate relative intensity ratios of a Raman band. Carbonyls are perpendicular to the PA6/66 macromolecule chain. If the molecules are oriented to the fiber axis, amide І C=O stretching modes will be the strongest scatter when the direction of polarization of the laser beam is perpendicular to the fiber axis (Spectra1 in Figure 6 ). Therefore, the molecular orientation factor was calculated from the following formula:
In which, is molecular orientation factor, = / , = / . The values (Table 6 ) of post drawn PA6/66 filament by electrospinning is positive correlation with drawing ratios.
It could be concluded from the crystallinity of post drawn PA6/66 fiber bundles (Table 6 ) and diffraction intensity curves ( Figure 7 ) that heating stretching and oriented macromolecules would induce to form crystal. 
Tensile properties of post drawn PA6/66 filament
Heating post drawing is a general method to improve the mechanical properties of as-spun chemical fibers.
In our research, stretching on as-electrospun PA6/66 fiber bundles at 100ºC bettered the fiber alignments, molecular orientations and crystal structures. Consequently, the mechanical properties were improved as well. As shown in Table 6 , the strength at break and initial module increased with drawing ratio, and strain at break closed to the normal level of common chemical fibers. Table 6 Crystallinities and tensile properties of post drawn PA6/66 nanofiber filaments
Conclusion
A new electrospinnng technique was established to spin continuous filaments constructed of nanoscale fibers. On the basis of measurement results, we concluded that: (1) Tip-to-collector vertical distance (TD) and rotation speed (RS) were the important factors for continuously fabrication of PA6/66 nanofiber filaments. Increase of TD and RS could improve the fiber's uniaxial alignment and crystal structure. Consequently the strength of the filament was enhanced. (2) After being post-drawn, the fiber alignment, molecular orientation and crystal structure of a PA6/66 nanofiber filament were obviously improved, and the stress and strain at break, initial module were optimized.
